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Abstract

Experiments were conducted to determine the dynamic shear behavior of a wide range of
aluminum, titanium, and steel alloys. Principal experimental techniques were the
torsional Kolsky bar and the Shear Compression Specimen (SCS) geometry. For the
purpose of determining adiabatic shear susceptibility in this range of alloys, it was found
that both techniques were unable to induce adiabatic shear in alloys resistant to that
failure mode. The SCS geometry has demonstrated a capability for characterizing shear
deformation behavior over a wide range of strain rates. For modeling and simulation of
adiabatic shear phenomena, an improved adiabatic temperature evolution equation has
been implemented. Finite element simulations of the torsional Kolsky and SCS
geometries were conducted to evaluate the influence of pre-existing geometric
inhomogeneities on adiabatic shear band initiation.



Acknowledgements

At the California Institute of Technology, major contributions to the development of the
shear-compression specimen and its application to adiabatic shear testing were made by
Dr. S. Lee (now at Motorola Corp.), and by Dr. D. Rittel while on a sabbatical leave from
Technion, Israel Institute of Technology. At Sandia, Jay Dike (Engineering Mechanics
Modeling and Simulation Department) was responsible for computational simulations in
the early stages of this project. Andy Gardea (Analytical Materials Science Department)
demonstrated ingenuity in the difficult task of providing metallographic evidence of
adiabatic shear banding in test specimens.



Contents

INETOAUCTION. .. ..evseie ettt bbb b b e s s et st se e ass b e ssssesesessaens 7
BacKGround..........cccoieiiiiiiiciiiciiiineeriste e seeae s s e s seess e ssssesssaseaeses s s e sasaesenansesaens 7
AdiabatiC Shear OCCUITEIICE ......c.ceriruerireerereereieeiereeseresseseseesesereesessssesesessssseseesesnneas 7
Adiabatic Shear Band CharacCteriStiCs .........ceverueiereeiereeieesresseeseessesessesesseseeesssnnees 10
Experimental Background ...........c.ccceviviceienincniiinreneneneneentneeneniesessssnsnesesessesnnnes 11
Modeling Background ...........ccceeverecverineereniesesseerenseseeeseseeseseseesesessesssssssssssessesanes 12
Experimental Procedure and ReSUILS.........cceciiveiieeiieeeiiieeeseiciestecsessecsreseessesaeesseenns 14
MALETIALS ......ouiiiinicitc ettt er s e ee et se e s e s reaan 14
Specimen EVAlUAtion ...........coceiiiiiieinneieseeteesteeet et s e aeas s nanens 15
Double Linear Shear..........cc.cveiimiiiinieniriieenteeseisereesessesssssesessesesssssesseseesessenses 16
Torsional Kolsky TeChDIQUE........cecvevreeuerererrieterieseeeiete e eees e eesesseeeseeseesennas 17
Shear Compression SPECIMEN «......c.vcvvureieirerireerereecsrencareessesrsessesessesessssssessssessssesens 20
SCS Experimental Results: Shear Deformation and Failure...........c.ccccvvevvrneenenenns 24
Modeling and SIMUIALION .......coiviiieiuiiieririeeniitreeereeeereese et saeseseseesssaesesessseeseseanas 35
Adiabatic Temperature EVOIUtION. ......c.cocecrrieereeseeinneerenerereeeeseressseeeeseeseressesenes 36
Simulation of Torsional Kolsky and SCS Specimens ...........coccceveeninnreerencennnenns 36
Coupled Elastodynamic/Heat Conduction Analysis..........cccoevereriererieennerenannences 46
DISCUSSION......cutiveiueeeietieeieieiett e ctetstesee e stassesne st esasseseseessesessessesessensensssennsasessssensensens 48
Conclusions and Recommendations............coceereeeeiereeeereeereeeesesesesesseseassessesesessesens 49
RELEIENCES. ...ttt bbb essa s s s st enassseaeseseanes 50
Distribution
List of Tables
1. Chemical Composition Of ALIOYS ........ccoveriririereniniericnintneereniesrerieneseesseeseseseareens 14
2. Mechanical Properties of AIIOYS ........ccovueurreireeerneereereseeesssnesesessesesssessseessesseseens 15
3. Other Material Constants for Ti-6A1-4V ...........ccccovirueeiereeiereeeecreee e seeaeeaenas 39

List of Figures

1. Eroded nose of 4340 Projectile. .......cooourvrirerinciininiieteteenecstreeet et 8
2. Segmented Be-Cu chip formed in explosive ValVe........ccovevviieriicieriicsniessneennieens 9
3. Double Linear Shear SPECIMEN. ........cvcuvuicvirierieierrrseeeseseseesesessesessesesmssessssesessssenens 16
4. TSHB specimen with straight ShOulders...........cocerueirirenenienncrerrre e 17
5. Torsional Kolsky specimen with 45° shoulders. ...........ceceevrveeereceeinieccneenecnnens 18
6. Cross-section of 2024-T3 torsional Kolsky Specimen..........ccoucvereeeeurereeneseenreneenecas 19
7. Original design for Shear Compression Specimen with H/D = 3...........ccccneiies 20
8. Modified SCS design with H/D = 1.6......cccocveurererriererrcceniiesentceseteceessenessesesenns 21
9. SCS specimens showing lateral displacement. ...........oeeveeveriiecrininniiicncsceierenenees 22
10. Variation in slot width for SCS SPECIMENS. ........cccerrueereererererceririeerenirierneersesessreens 23
11. Effect of strain rate on flow stress for 1018 steel: SCS specimens. .........c.cccccenn... 24
12. Effect of strain rate on flow stress for 1018 steel: cylindrical specimens. ............. 25



13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

List of Figures (continued)

Effect of strain rate on flow stress for 1018 steel: SCS vs. cylindrical. ................. 25
Effect of strain rate on flow stress for A36 hot rolled steel............cccccorveeenrnnnnne. 26
Effect of strain rate on flow stress for 18Ni300 Maraging steel...........cccccceceeenenee. 27
Effect of strain rate on flow stress for CP Titanium — Grade 2. .........coouveeerveeennne. 27
Effect of strain rate on flow stress for TIOAL-4V.........ccocvvemvrvvnnesviecrrieeceeeeene 28
Effect of strain rate on flow stress for 6061-T6.........ccccurvuricemrrcernecinrenienrenisnenees 28
Effect of strain rate on flow stress for 2024-T3.......cccccvvriceerinirinecenneeeseeessnnns 29
Effect of strain rate on flow stress for 7075-T6......c.ccccvveeeierereniennenniniicrniceennes 30
Non-adiabatic shear localization in 6061-T6.............cccmeruieeenecmnncnenneeeenne 31
Adiabatic shear bands near fracture surface for 18Ni300 Maraging steel.............. 32
Cross-section of 1018 steel specimen that failed at 8000/s. .......c.cocveeerevceeenecnne 33
Cross-section of 1018 steel specimen that didn’t fail at 4000/s. .........ccevvreerinennne 34
Simulation of 6061-T6 SCS EXPEIimeNnt. .......cccvurveereriermrueieneereneereneesseeseeenessennes 37
Contour plots for 6061-T6 SCS specimen simulation. ........c..coceeeerereerereneceernieennae 38
Comparison of T-6Al-4V experimental data and BCJ model ..........ccceoenuvevricnnnee 38
Full 3D simulation of Ti-6Al-4V torsional Kolsky specimen. ..........ccocccuvveecucnunnne. 40
Slice simulation approximation of Ti-6Al-4V torsional Kolsky specimen............ 41
Comparison of Pronto3D and Abaqus Explicit uniaxial compression. .................. 42
Pronto 3D slice simulations: mesh refinement effects. ..........covcnivecvniiccnennnnne. 43
Abaqus Explicit slice simulation contour plots. .........cccoeivereeneneecnencennncesineens 44
Force vs. displacement and shear stress/strain: Pronto 3D vs. Abaqus Explicit.... 45
Abaqus Explicit contour plots: coupled elastodynamic/heat conduction................ 46
Uncoupled and coupled Abaqus Explicit slice simulations...........cveeeveeeueneecnenecenn. 47



Introduction

Adiabatic shear is an extreme and usually catastrophic low-energy form of localized
deformation that often occurs with dynamic loading conditions. In structural alloys of the
types used in Sandia weapons applications, adiabatic shear failures are most commonly
observed in blast and impact phenomena, ballistic penetration, and high-rate deformation
processing and machining. Existing data (e.g. Timothy 1987) show that most structural
alloys of interest for Sandia applications are susceptible to some degree. There are
differences in adiabatic shear susceptibility, however: more resistant alloys (304 stainless
steel, 5083 aluminum) require higher strains and/or higher strain rates to initiate adiabatic
shear than less resistant ones (2024 aluminum, 4340 steel, Ti-6A1-4V). Some aspects of
the adiabatic shear process and factors promoting susceptibility are known, but clearly
defined susceptibility criteria for specific alloys and accurate phenomenological and
computational models do not exist.

This report documents efforts to utilize existing dynamic shear test methods and/or
develop new methods for the purpose of providing quantitative measures of critical
conditions at the inception point of shear band formation. To support this experimental
effort, modeling and simulation of adiabatic shear failure was performed for selected
dynamic test techniques.

Background

As early as the 1940’s, the effects that strain concentrations and localized increases in
temperature could have on dynamic deformation were recognized, and the term
“adiabatic shear band” was applied to the phenomenon (Zener & Hollomon 1944). For
some period thereafter, adiabatic shear banding typically appeared in the literature only
as an incidental observation associated with ballistic penetration, or occasionally high-
speed metalworking. Greater interest started several decades ago, leading to
experimental and analytical efforts that have expanded our knowledge of the diversity of
its characteristics and its prevalence. However, predictive capability and accurate
constitutive models of the phenomenon are still lacking. Published reviews that
summarize adiabatic shear band phenomenology, test methods, and modeling issues
include: Bedford et al. (1974), Rogers (1979), Rogers (1983), Stelly & Dormeval (1986),
Timothy (1987), Bai & Dodd (1992).

Adiabatic Shear Occurrence

Early observations of adiabatic shear bands came from studies of ballistic impact and
penetration, and metalworking processes. They are also seen in some types of frictional
interfaces, such as impact abrasion. In ballistics, shear bands may be seen in both the



penetrator and the target (Backman & Goldsmith 1978; Meunier et al. 1992; Corbett et
al. 1996). Figure 1 illustrates an example of adiabatic shear in the nose of a 4340 steel
penetrator that impacted a concrete target (Hoke 1998). The SEM image in Fig. 1a shows
the severely eroded nose. The cross-section micrograph in Fig. 1b shows narrow
adiabatic shear bands at both the nose surface and sub-surface. They have the “white
etching” appearance typical of such bands when they appear in high-strength steels.

Figure la: Eroded nose tip of 4340 steel projectile after penetration into
concrete target. Material loss is both by surface erosion and sloughing-off
of larger volumes of material. (Hoke 1998)

o -

Figure 1b: Metallographic cross-section of eroded nose tip showing both
adiabatic surface shear associated with erosion and subsurface adiabatic
shear bands. Material subjected to adiabatic shear etches white in nital
etch due to high-temperature phase transformation. (Hoke 1998)



In ballistic penetration of armor, penetrator nose shape (flat, ogive, hemispherical)
has a strong influence on the type of failure and whether adiabatic shear bands will form
in the target. A flat-nose configuration favors low-energy “plugging” penetration, a type
of penetration failure that is frequently associated with shear banding (Wingrove 1973;
Woodward 1984). Flat-nosed projectiles that are stepped to limit depth of penetration
have been used to study the nature of adiabatic shear bands (Wingrove 1973: Grebe et al.
1985). Target alloys evaluated include steels (Rogers & Shastry 1981; Meunier et al.
1992; Dikshit et al. 1995), titanium alloys (Woodward et al. 1984; Grebe et al. 1985), and
aluminum alloys (Wingrove 1973; Woodward et al. 1984; Leech 1985).

In metalworking processes, adiabatic shear bands are most commonly found in
orthogonal metal cutting, high-rate forging, and punching/blanking/shearing operations.
Recht (1964) studied adiabatic shear banding in high-speed machining of steel and
titanium alloys and proposed an empirical failure criterion based on maximum shear
stress. Segmented or discontinuous chip formation due to adiabatic shear was further
studied for steels (Lemaier & Backofen 1972; Komanduri et al. 1982) and titanium alloys
(Komanduri & Von Turkovich 1981; Bayoumi & Xie 1995). Figure 2 shows an example
of segmented chip formation. In this case, it is formed in an explosive valve by the
dynamic ploughing of a cylindrical high-strength steel plunger into the tapered bore of a
Be-Cu valve housing. Ploughing of the flat-ended plunger forms an axisymmetric
segmented Be-Cu chip similar to those produced in conventional orthogonal machining,
with individual moderately-deformed segments separated by highly-deformed shear
bands.

Figure 2: Segmented Be-Cu chip formed in explosive valve when cylindrical
steel plunger ploughs into tapered bore in Be-Cu housing. Chip segments are
separated by adiabatic shear bands



Some of the earliest observations of adiabatic shear were from the analysis of
dynamic punching (Zener & Hollomon 1944), where it was shown that a major decrease
in energy requirements for punching took place at high rates, where adiabatic shear
occurred. Adiabatic shear banding in punching and shearing shows many similarities to
adiabatic shear in the “plugging” failure mode that is seen in ballistic penetration (Bai &
Johnson 1982). The geometry of the shear zone in punching facilitates the achievement of
very high shearing rates. This has led to the use of punching geometries for a number of
laboratory studies of adiabatic shearing, described below.

Adiabatic shear bands are observed in high-rate forging, particularly in upsetting
operations (Semiatin et al. 1983). For hot forging, processing maps have been developed
for different alloys that identify temperature/strain-rate regimes to avoid, since adiabatic
shear can occur (Prasad & Sasidhara 1997). Experiments to characterize high-rate forging
behavior frequently make use of the Split-Hopkinson Pressure Bar technique. Adiabatic
shear bands are also seen at interfaces involved in impact erosion or high-rate frictional
contact (Bedford et al. 1974). Adiabatic “white etching” shear bands seen at the surface
of the penetrator nose in Figure 1b are the result of erosion from frictional contact
between the nose and the concrete target during penetration.

Adiabatic Shear Band Characteristics

“Adiabatic” here describes a situation where heat loss to areas outside an intense
deformation zone is small compared to heat generation within the zone. In adiabatic
shear, intense localization occurs when heat that is generated by an initial inhomogeneity
in dynamic plastic strain causes a local rise in temperature. Thermal softening then
overcomes the effects of strain hardening and strain rate hardening, an adiabatic shear
band is triggered, and all subsequent dynamic deformation occurs in this high-
temperature, rapidly-narrowing band as the thermal gradient and deformation gradient
reinforce and sharpen each other. The critical importance of high rates and thermal-
mechanical coupling of deformation and thermal softening distinguish this extreme form
of deformation localization from other, less-catastrophic forms that occur under quasi-
static isothermal conditions. Adiabatic shear also occurs most commonly for stress states
that suppress localization associated with ductile void-nucleated fracture, a competing
failure mode {(Rogers 1979).

In an adiabatic shear band, local shear strains can be orders of magnitude greater than
strains in areas adjacent to the band, while peak strain rates may be many orders
magnitude higher. Local temperatures in the bands can be several hundred degrees or
higher above adjacent areas. The bands are narrow, on the order of 10 to 100 pm in
width. There are two types of adiabatic shear bands that have been classified as
“deformation” type and “transformation” type (Backman & Finnegan 1973).
Deformation-type bands are typical for aluminum alloys (Wingrove 1973; Leech 1985),
austenitic steels, and low-strength ferritic steels. Transformation-type bands, which are
typically much narrower than the deformation type, appear in alloys that undergo a high-
temperature phase transformation, such as martensitic steels (Zener & Hollomon 1944;
Rogers 1983) and titanium alloys (Wulf 1979). Alloys showing transformation bands



may also show deformation bands. In high-strength steels, untempered martensite in a
transformation shear band appears white when the metallographic specimen is etched in
nital (e.g., Figure 1b).

An important feature of adiabatic shear bands is that they are triggered by an initial
localization of plastic deformation, after which thermal softening from the local
temperature rise overcomes strain hardening and strain rate hardening, allowing the strain
localization to sharpen and intensify. The significance of an initial localization as a
triggering mechanism can be an advantage in designing certain types of adiabatic shear
experiments (e.g., punch-type tests), but is a disadvantage in others since it leads to
increased scatter and uncertainty in test results. The identification and characterization of
material defects or stress concentrations that lead to initial localization is also an issue for
modeling and simulation of adiabatic shear (Wright 1994; Batra, et al. 1996).

Experimental Background

A variety of experimental techniques have been used for evaluating dynamic effects
on materials behavior, including adiabatic shear localization. Some of the experimental
techniques used to date (e.g., ballistic penetration) are essentially phenomenological or
qualitative in nature, while others yield quantitative information that can support the
development of models or susceptibility criteria.

Dynamic compression tests are commonly used to characterize strain rate effects on
materials, some of which exhibit adiabatic shear failures. Some early experiments were
conducted using high-rate hydraulic compression apparatus that can achieve strain rates
as high as 500/sec (Semiatin & Lahoti 1983). However, dynamic compression is more
often conducted using the Split-Hopkinson Pressure Bar (SHPB), also called the
compression Kolsky bar. SHPB studies related to adiabatic shear include Wulf (1979),
Affouard et al. (1984), and Lee & Lin (1998).

To achieve higher strains and strain rates in axial impact under conditions closer to
pure shear, the cylindrical compression specimen of earlier SHPB experiments was
replaced with an axially-symmetric “top hat” specimen (Hartmann et al. 1981; Beatty et
al. 1992). Loading of this adiabatic shear specimen could be with a compression Kolsky
bar apparatus or a drop-weight impact machine. Punch experiments have also been
conducted in the laboratory using Kolsky-type impact loading (Winter 1975, Zurek 1994;
Mason et al. 1997; Roessig & Mason 1999). With suitable design of loading fixtures, a
punch specimen that is much simpler than the top hat geometry can be used (Meyer &
Manwaring 1986). A further development of the top hat was the flat “modified double
shear” specimen, which is essentially a radial slice through the cylindrical top hat
(Klepaczko 1994; Klepaczko 1998). Other types of double linear shear specimens include
the flat doubly-notched bar used earlier by (Campbell & Ferguson 1970), and the
modified doubly-notched Charpy specimen of Cowie et al. (1989). These adiabatic shear
specimens are all designed to restrict plastic deformation to a very narrow gage section,
where very high shear strains and strain rates can be achieved under impact loading.
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Dynamic torsional loading can also be used to achieve high shear strains and strain
rates. Early experiments included torsional impact loading (Culver 1972 ) and a high-
speed hydraulic actuator (Lindholm et al. 1980). However, most high rate torsional
loading is conducted using the torsional Kolsky bar technique (Gilat 2000). Initial
applications were for evaluation of high strain-rate deformation behavior (Nicholas &
Lawson 1972; Eleiche & Duffy 1975). More recently, this technique has been used for
studying alloys that are susceptible to adiabatic shear (Marchand & Duffy 1988;
Giovanola 1988a; Giovanola 1988b; Liao & Duffy 1998).

A specialized category of experiments looks at the dynamic extension of pre-existing
cracks under impact loading (Kalthoff & Winkler 1988; Mason et al. 1994; Roessig &
Mason 1998). In some cases, dynamic crack advance in these specimens involves
adiabatic shearing. There are also techniques capable of achieving very high strain rates,
i.e. 10* to 10"/sec, including explosive-driven contained expansion of cylinders (Staker
1981; Wittman et al. 1990), plate impact (Curran et al. 1987), and pressure-shear testing
(Clifton & Klopp 1985).

Modeling Background

For the adiabatic shear process, first principles suggest the importance of factors and
the external loading environment. Analytical models related to adiabatic thermophysical
properties, mechanical properties and microstructure, and geometrical shear banding that
incorporate some of these parameters have been developed. However, the relative
importance of these factors and how they interplay in this dynamic process, with
inherently tight coupling of temperature and mechanical fields, are poorly understood.

Zener & Hollomon (1944) recognized the essential process by which, at high rates of
deformation, plastic shear instability occurs: localized thermal softening due to adiabatic
(or near-adiabatic) heating overcomes strain hardening and strain-rate hardening. With
certain simplifying assumptions, the increment in shear stress can be written as (Bai &
Dodd 1992):

o7 a7 o7
dr=| — d}f-!- = d}/+(—] do (1)
[ayl‘e (aylﬂ 98 )y,

where 7 is shear stress, ¥ and ¥ are shear strain and shear strain rate, and 8 is
temperature. The three differential terms represent strain hardening, strain-rate hardening,
and thermal softening, respectively. Assuming that adiabatic shear initiates at dT =0
(maximum stress) and that strain-rate hardening effects can be neglected in comparison to
the effects of strain hardening and thermal softening, then:

(-5
i ) a0 ), dy
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That is, at dt = 0 the rate of strain hardening is balanced by thermal softening.
Neglecting heat conduction, the adiabatic rate of temperature increase due to the
conversion of plastic work to heat is:

E’Q-_-_ﬂ_'r (3)
dy pc

where p is material mass density, ¢ is specific heat, and  is the fraction of plastic work
converted to heat. Based on the work of Taylor & Quinney (1934), B is usually taken to
be between 0.85 and 0.95. Taylor and Quinney found that the value of 3 was material-
dependent. More recently, it has been determined that 3 also depends on strain and strain
rate (Mason et al. 1994). Using Equations 2 and 3 and a constitutive relationship between
shear stress and shear strain, a critical instability strain for the onset of adiabatic shear can
be derived. For a simple form of power-law hardening, 7 =ky”", the instability strain is:

npc
L i 4
a0 J,,
This expression shows the importance of strain hardening (through the strain
hardening exponent, »n) and the volumetric heat capacity ( pc) in retarding instability,
and of thermal softening (d7/0@) in accelerating it. Comparable expressions for critical

instability strains for a variety of other constitutive relations are given in Table 6.1 of Bai
& Dodd (1992).

Along with maximum stress, a number of different adiabatic shear failure criteria
have been proposed, including:

Maximum stress (Zener & Hollomon 1944)

Critical strain (Bai & Dodd 1992; Batra et al. 1995)

Kinetic energy change (Shawki 1994a; Shawki 1994b)

Collapse of shear stress (Wright & Batra 1985)

Stress intensity factor (Mason et al. 1994b; Zhou et al. 1996; Chen & Batra 1998)

An issue for modeling of adiabatic shear is that defining “failure” by maximum stress
or certain other criteria does not necessarily capture the inception of an adiabatic shear
band. Rather, instability strain indicates where shear localization begins, which is a
precursor to the point at which the intense shear gradients of an adiabatic shear band have
formed.



Experimental Procedure and Results

Materials

A range of alloys was chosen for this project, including materials of interest for
Sandia applications and those representing a wide range in susceptibility to adiabatic
shear. Classes of materials included plain carbon steel, maraging steel, 300-series
austenitic and precipitation hardening stainless steel, aluminum alloys, and titanium
alloys. 12.7mm (0.5 in.) square bar and 12.7mm and 19.1mm (0.75 in.) diameter round
bar were used for specimens. Alloys tested in the as-received condition included AISI
1018 cold rolled steel (CRS), ASTM A36 (AISI 1020) hot rolled steel (HRS), AISI Type
304 austenitic stainless steel, CP Titanium Grade 2 (Mill Anneal), Ti-6Al-4V (Mill
Anneal), and aluminum alloys 2024-T351, 6061-T6, and 7075-T6. 18Ni300 maraging
steel and PH13-8Mo precipitation hardening stainless steel were received in the solution
anneal condition and machined prior to final heat treatment. The maraging steel was then
aged at 480°C (900°F), and the PH13-8Mo was aged at 538°C (H1000 heat treat
designation). Representative chemical compositions and mechanical properties for the
alloys tested are given in Table 1 and Table 2, respectively.

Aluminum Alloys | Al | Si | Fe | Cu | Mn M Cr | Zn | Ti
2024-T351 Bal. | .26 |.19 |46 [.45 |[1.66]|.07 |.15
6061-T6 Bal. | .58 |.17 |.20 |.01 |.8 .08 |.02 |.01
7075-T6 Bal. |.11 |.12 |158|.01 |[241]|.25 |5.55].01
Steel Alloys Fe C Cr | Ni | Mo | Co [ Mn | Si Ti | Al
AISI 1018 (CRS) Bal. | .18 .68 | .22
ASTM A36 (HRS) |Bal. |.16 |.05 |.1 62 | .15
18Ni300 Marage Bal. | .006 |.16 |186|4.7 |89 [.03 |.03 |.62 |.12
AISI 304 SS Bal. | .022 | 18.2 | 9.1 |.39 1.6 |.5
PH13-8Mo Bal. | .03 |125 8.1 |22 07 | .04 1.1
Titanium Alloys Ti C | Al V [ Fe | O N
CP Ti — Grade 2 Bal. | .01 07 1.14 |.007
Ti-6A1-4V Bal. | .022 | 6.34 [ 4.2 | .21 A7 ].031

Table 1: Chemical Composition of Alloys

Based on physical and mechanical properties and prior investigations (e.g., Timothy
1987), it was expected that 304 stainless steel would be highly resistant to adiabatic shear
failure, 6061-T6 aluminum would be moderately resistant, and the remaining alloys
would be moderately to highly susceptible.
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Yield Ultimate Elongation | Reduction in
Strength Tensile Str. Area
ksi ksi pet. pct.
Aluminum Alloys
2024-T351 51.7 68.6 12.0
6061-T6 37.0 40.3 12.8
7075-T6 79.6 89.2 15.1
Steel Alloys
AISI 1018 (CRS) 68 75 22 45
ASTM A36 (HRS) 52.1 71.2 28
18Ni300 Marage 288.3 299.7 11.0 53.8
AISI 304 SS 814 99.9 43.5 72.0
PH13-8Mo (H1000) 208.0 215.8 13.1 57.6
Titanium Alloys
CP Ti — Grade 2 53.0 77.0 26 54.5
Ti-6Al-4V 144.7 153.9 18.2 47.5

Table 2: Mechanical Properties of Alloys

Specimen Evaluation

A primary objective of this project was the identification or development of an

experimental technique that could be used for screening materials for evaluation of high-
rate mechanical properties and susceptibility to adiabatic shear. Important attributes of
such an experimental technique include:

Applicable to materials with a wide range in level of susceptibility to adiabatic shear.
Capable of yielding quantitative data related to deformation behavior and adiabatic
shear susceptibility.

For screening purposes, should not be expensive or difficult to perform.

These requirements are, to a significant extent, mutually incompatible. Difficulties with
development of a “universal” screening test include:

Alloys that are relatively resistant to adiabatic shear banding may require very high
strains and/or strain rates to demonstrate susceptibility. High-rate experimental
methods that provide good quantitative data for characterizing deformation behavior
(e.g., torsional Kolsky bar) are typically limited in maximum achievable strain or
strain rate. Thus, they may not be suitable for detecting susceptibility in alloys with
moderate to high resistance.

Alloys that are highly susceptible to adiabatic shear (e.g., those with low work
hardening) may also be highly notch-sensitive. As a result, design of the test
specimen gage section may be critical to assure that failure occurs as a result of rate-
dependent adiabatic shear rather than rate-insensitive notch sensitivity.
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= Ballistic penetration and punch-type experiments are very useful for providing
qualitative or phenomenological evidence of adiabatic shear in alloys with a wide
range of susceptibilities. However, they are generally unable to provide significant
quantitative data of the type needed to characterize the onset of adiabatic shear.

Given these considerations, it was decided to initially evaluate two experimental
methods: the torsional Kolsky bar, and impact-loaded Double Linear Shear. It was
recognized that both methods had apparent limitations on range of applicability, but that
they had the capability to provide quantitative data on adiabatic shear susceptibility and
(in the case of torsional Kolsky) high-rate deformation behavior. Issues with the
performance of these techniques in initial experiments then led to the adoption of a new
design, the Shear Compression Specimen, as the principal technique for evaluating
dynamic behavior.

Double Linear Shear

The linear shear technique adopted in the early stages of this project was that of
Cowie et al. (1989). The specimen is a square doubly-notched bar (Figure 3) whose ends
are rigidly clamped while the center section is impacted by a striker. The machined
notches on either side of the center section provide a narrow minimum-area gage section
where shear deformation localizes. The experiments of Cowie et al. used a pendulum-
type impact apparatus to dynamically load 4340 steel specimens.

N\
/

Figure 3a: Double Linear Shear specimen.
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Figure 3b: Finite element simulation of shear deformation in gage sections
of Double Linear Shear specimen. Ends of specimen are rigidly clamped,
and striker impacts center section.
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Our evaluation used a Dynatup® Model 8250 drop-weight impact test system to load
the specimens. An important issue with this technique was whether loading rates and
impact energies were sufficient to induce adiabatic shear in resistant alloys. Therefore,
initial experiments were conducted with 6061-T6 specimens. These tests showed that,
while substantial shear deformation and occasional failure in the gage section could be
induced with 6061-T6, no evidence of adiabatic shear localization was found. Finite
element simulations (for example, Fig. 3) also indicated that shear localization could
likely be induced in a susceptible alloy like Ti-6Al-4V, but not in 6061. Given this
limitation and the high expense associated with machining the notched gage section in
this specimen, no further evaluation of Double Linear Shear as a screening-type test
configuration was conducted.

Torsional Kolsky Technique

The torsional Kolsky bar or Torsional Split-Hopkinson Bar (TSHB) has been widely
used for characterizing high-rate deformation behavior and adiabatic shear. A thorough
discussion of the technique is given in Hartley et al. (1985). Briefly, the test specimen is
mounted between an incident-pulse bar and a transmitted-pulse bar, Figure 4.

Figure 4: TSHB specimen with straight (90°) shoulders at edges of tubular
gage section. Square ends of specimen lock into the incident-pulse bar and
transmitted-pulse bar of the torsional Kolsky apparatus. Incident bar has
rotated more than one complete revolution in this experiment without
causing failure in gage section.
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Variations in test parameters allow for testing over a range of strains and strain rates.
The specimen gage section is typically a thin-wall tubular design. The specimen is loaded
by the sudden release of stored elastic energy that is obtained by initial rotation and then
release of the incident bar, while the transmitter bar is kept fixed. A major advantage of
the technique is that a direct measure of shear stress and shear strain can be obtained from
the output of the strain gages on the incident-pulse and transmitted-pulse bars that load
the specimen. Thus, a high-rate shear stress vs. shear strain relationship can be generated.
The axisymmetric configuration is also an advantage for modeling and simulation.

An important consideration with the torsional Kolsky bar is that maximum achievable
strains and strain rates are limited. The maximum strain rate is approximately 10,000/s,
but in practice most data are obtained at rates of 3000/s or lower. Further, in alloys with
high strain-to-failure, multiple “hits” may be required to produce sufficient strain to fail
the specimen. It was therefore recognized that this technique might not be suitable for
evaluating adiabatic shear susceptibility in resistant alloys.

An additional consideration was design of the transition from the thin-wall gage
section to the shoulder of the grip area. There are some advantages to a 90° shoulder (see
Fig. 4) with a tight radius at the gage-to-shoulder transition. However, for alloys that
were anticipated to show notch sensitivity, the high stress concentration with such a
transition was considered to be undesirable. Therefore, a modified specimen design with
a 45° shoulder was chosen (Figure 5), and the effects of different transition radii were
evaluated. The objective was to keep the failure location within the thin (0.4mm)
uniform-thickness gage section, rather than at the shoulder. Competing influences are
stress concentration, which favors a shoulder failure location, and thermal conduction
from the “hot” plastically deforming gage section to the “cool” non-deforming shoulders,
which favors a central gage section failure. Conduction becomes less important as strain
rate increases.

(
SN

VIEW A

Figure 5: Torsional Kolsky bar specimen with 45° shoulders at edge of
gage section (see View A).

With this specimen design, dynamic torsion experiments involving the alloys shown

in Table 1 were conducted at the California Institute of Technology (Cal Tech), using the
torsional Kolsky apparatus in their Graduate Aeronautical Laboratories. These screening
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experiments showed that failure in a single “hit” could only be obtained for alloys with
low strain-to-failure; higher ductility alloys required multiple reloadings. Failure by
adiabatic shear appeared to occur in a few cases, but metallographic confirmation was
difficult to obtain.

Metallographic investigation of shear failures in this specimen is made difficult by the
required orientation of the sectioning plane; it must pass through the thin direction of the
gage section in order to show axial strain gradients at the failure plane, which is normal
to the specimen axis. In addition, where failure occurs there is rubbing of the two failure
surfaces that produces a near-surface shear deformation, one that is difficult to
distinguish from adiabatic shear. An example where metallography disclosed an incipient
shear localization failure is shown in Figure 6. In this unfailed 2024-T3 specimen,
uniform shear and shear localization in the gage section are indicated in an etched
metallographic cross-section by the orientation of precipitates. Pre-test they were oriented
axially in the specimen, while post-test they are oriented at a constant angle across the
entire gage section, with local sharp discontinuities in orientation plus a small shear
crack. The constant angle orientation is indicative of uniform strain in the gage section,
while the discontinuities and shear crack indicate localization that is likely just short of
the onset of adiabatic shear failure.
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Figure 6: Metallograhic cross-section of 2024-T3 aluminum torsional
Kolsky specimen showing shear localization (dotted lines) and shear crack
(circle). General ~25° slope of precipitates indicates uniform shear strain;
sharp shear discontinuity and shear crack indicate incipient shear bands.




The torsional Kolsky technique remains a very useful technique (within strain rate
limitations) for evaluation of high-rate deformation behavior short of failure. However,
the present screening experiments disclosed two major problems with its use for
evaluating susceptibility to adiabatic shear. First, inherent limitations on achievable
strains and strain rates precluded use with a number of the alloys included with this
investigation. Second, it was determined that the strain at apparent failure was too closely
tied to the machined surface finish in the gage section. Given the small thickness (0.4
mm, or 0.015 in.) of the tubular gage section, expected thickness variations are likely to
be significant in an “affordable” specimen for screening tests, due to machining
variations. In high-rate shear, these essentially uncontrolled variations likely serve as the
triggering defect for the initiation of adiabatic shear. The likelihood that they will trigger
premature localization becomes higher as their size as a percentage of wall thickness
increases. The issue of defects and stress concentrations as triggering sites was mentioned
previously (Wright 1994; Batra et al. 1996).

Despite perceived drawbacks with the torsional Kolsky as an experimental technique for
this application, it has been retained here for some modeling and simulation studies due
to the simplicity of its axisymmetry.

Shear Compression Specimen

In an effort to alleviate some of the drawbacks experienced with the torsional Kolsky
technique, the Shear Compression Specimen (SCS) was adopted. This is a new type of
impact-loaded specimen (Rittel et al. 2002a), which has a reduced gage section at an
angle to the loading axis (Figures 7 and 8).
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Figure 7: Original design for Shear Compression Specimen (SCS).
Height-to-diameter ratio is 3.0, and slot width is 2.5 mm (0.100 in.). A
0.125 in. radius groove is machined where the slot gage section reaches
the outside diameter of the specimen.
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Figure 8: Modified SCS design with H/D ratio of 1.6. Specimens with
diameters (D) of 7.6 mm and 12.7 mm and slot widths (W) of 2.4 mm,
1.6 mm, 0.5 mm, and 0.25 mm were tested.

The short cylindrical specimen is loaded in compression, which produces a shear-
compression stress state in the angled gage section. The ratio of shear to compression is
governed by the angle of the diametrically-opposed slots or notches, which to date has
been maintained at 45°. Although the stress and strain state in the gage section is three-
dimensional, at this angle the dominant deformation mode is shear.

The cylindrical sections above and below the gage section of the SCS specimen are
assumed to remain elastic. Analysis and experiments (see Figure 9) establish that this
assumption is correct. Finite element analysis was used to determine numerically the
stress and strain states in the specimen, and to develop a constitutive law relating the
nominal equivalent stress (o,,) plastic strain (&,), and plastic strain rate (£, ) in the
gage section in terms of relevant SCS geometrical parameters and the boundary

displacement and load (Rittel et al. 2002a). The following relations have been proposed:
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where (see Fig. 8) W is slot width, D is specimen diameter, 7' is gage section thickness,
and P, d,and d are boundary load, displacement, and displacement rate, respectively.

Specimens may be loaded quasi-statically in conventional screw-driven or servo-
hydraulic machines, or dynamically in compression Split-Hopkinson Pressure Bar
apparatus. Equation 6 shows that strain rate depends on both loading rate and width of the
machined slot. This facilitates testing at a wide range of strain rates. Of particular
advantage, by testing specimens with varying slot widths in both conventional-rate and
high-rate apparatus, the entire strain rate range up to 10,000/s or higher can be covered by
a single technique. Further, by testing narrow-slot SCS specimens dynamically, strain
rates can be achieved that are far higher than those possible with compression SHPB
testing of cylindrical specimens. The relatively large thickness of the SCS gage section
(T) also means that expected periodic or random variations in thickness due to machining
processes will have a lesser effect than they would for a thin gage section, such as occurs
for torsional Kolsky specimens.

Initial SCS specimens for this project were of the type shown in Figure 7, with a
diameter of 12.7 mm (0.5 in.) and a height-to-diameter ratio of H/D = 3.0. This H/D ratio
was chosen initially to assure that boundary conditions at the specimen ends would not
adversely influence behavior in the gage section. Subsequent modeling and experiments
(e.g., Figure 9) disclosed that the specimen gage section was well behaved at significantly
lower H/D, and a H/D ratio of 1.6 was therefore used for most experiments (Figure 8).

Figure 9: SCS specimens (H/D = 3) showing lateral displacement due to
shear deformation in the gage section. Materials are Ti-6Al-4V (left),
OFHC copper (center), and 6061-T6 aluminum (right).
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OFHC copper specimens were used during initial development of the SCS geometry
{Rittel et al. 2002a; Rittel, et al. 2002b), so that very high shear strains could be obtained
without failure. For the current project, specimens were made from 1018 cold rolled steel,
A36 hot rolled steel, 18Ni300 Marage steel, 2024-T3, 6061-T6, 7075-T6, CP Titanium,
and Ti-6Al1-4V. For most SCS specimens, H/D was 1.6 with H =20.3 mm (0.8 in.) and W
=127 mm (0.5 in.). Some 20.3 mm-tall specimens were also tested that had D = 7.6 mm.

In all specimens, the thickness of the gage section (T) was 2.5 mm (0.100 in.).
Baseline slot width (W) for the SCS specimens was 2.4 mm (0.094 in.). Other slot widths
tested for some alloys were 1.6 mm (0.063 in.), 0.5 mm (0.020 in.), and 0.25 mm (0.010
in.). Specimens with this range of slot widths are shown in Figure 10.

Figure 10: Variation in slot width for SCS specimens (H/D = 1.6). From
left to right, slot widths are 0.25 mm, 0.50 mm, 1.6 mm, and 2.4 mm.

Nominal root corner radius R (Fig. 8) was 0.25 mm, but a limited number of
specimens were tested to evaluate the effect of a tighter (0.13 mm) corner radius. No
effect was seen for this range, so the 0.25 mm radius was adopted to simplify machining.
Other variations included the presence or absence of an end groove in the gage section
where it intersects the specimen outside diameter. In Figure 7 an end groove is shown
with a 0.125-in. radius. The initial purpose was to reduce a predicted stress concentration
at this point. Figures presented in the following section contain data for specimens with
and without the end groove. Since the data show that there is no apparent difference in
behavior, the end groove is no longer specified.

SCS specimens were tested at Cal Tech using an Instron screw-driven machine to
achieve lower strain rates, and SHPB apparatus for higher strain rates. The maximum rate
for the Instron machine is 550 mm/min; for this displacement rate, the maximum strain
rate is 23/s in the gage section of an SCS specimen with a gage width of 0.25 mm. Using
a 0.25 mm gage width and the dynamic SHPB apparatus, maximum strain rates up to
70,000/s were possible.

In the initial evaluation of the SCS specimen with OFHC copper, companion high-
rate experiments were performed on Instron and the SHPB apparatus using conventional
cylindrical “Hoppy bar” specimens. The purpose was to verify that properties measured
with the SCS specimen corresponded to values measured at similar strain rates using
accepted quasi-static (screw-driven) and dynamic (compression SHPB) techniques and
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cylindrical specimens. The same comparison was done in this project for 1018 cold rolled
steel and 6061-T6 aluminum. Cylindrical specimens tested here were 7.62 mm diameter
and lengths 7.62 mm, 3.81 mm, and 1.90 mm (L/D of 1.0, 0.5, and 0.25).

SCS Experimental Results: Shear Deformation and Failure

SCS experimental results for rate effects on deformation behavior are shown in
Figures 11-20. Data are plotted as equivalent flow stress at 10% equivalent plastic strain
vs. strain rate. Equivalent stress is chosen to facilitate comparison with compression data
for cylindrical specimens. 10% strain represents a level at which data oscillations
inherent in dynamic data have damped out, and strain rate effects on flow properties are
apparent.
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Figure 11: Effect of strain rate on flow stress for 1018 cold rolled steel. SCS
specimens with slot widths from 0.25 mm to 2.4 mm.

Figures 11 to 13 show data for experiments conducted on 1018 steel, in which much
of the evaluation of the SCS specimen design was concentrated. SCS-only data are shown
in Figure 11, cylindrical SHPB-only in Figure 12, and combined data in Figure 13. Data
for four different SCS slot widths are shown in Figure 13. Instron-based data at rates of
23/s and lower show a relatively small strain rate dependence, while dynamic SCS data at
rates above 100/s show the expected much-higher rate dependence associated with a
change in rate-dependent deformation mechanism from dislocation glide resistance to
phonon drag (Sargent & Ashby 1983). The maximum rate achieved with dynamic testing
of the 0.25 mm slot width was 47,000/s. There appears to be no strong consistent effect
of slot width over the range 0.25 mm to 2.5 mm, although narrow-slot data are typically
somewhat lower than wide-slot data.
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Figure 12: Effect of strain rate on flow stress for 1018 cold rolled steel.
Cylindrical specimens with diameter of 7.6 mm and height varying from 1.9
mm to 7.6 mm.
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Figure 13: Effect of strain rate on flow stress for 1018 cold rolled steel.
Comparison of SCS specimens and cylindrical compression specimens.
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The same trends in strain rate effects on flow stress are seen with the 1018 steel
cylindrical specimen data in Figure 12. However, here a size effect (or geometry effect) is
apparent at quasi-static rates, where short specimens give higher flow stress values than
conventional L/D = | specimens. This is attributed to the greater relative effect of friction
in short specimens where the frictional surface-to-volume ratio is high. The combined
data are shown in Figure 13. There is excellent agreement between SCS cylindrical
specimen data at dynamic rates. At quasi-static rates there is also good agreement
between SCS data (particularly wide-slot data) and cylindrical specimen data for L/D = 1.
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Figure 14: Effect of strain rate on flow stress for A36 hot rolled steel.
SCS specimens with slot widths from 0.25 mm to 2.4 mm.

SCS data for A36 hot rolled steel are shown in Figure 14 for four different slot
widths. There is no apparent effect of slot width for dynamic tests, and only a slight effect
at quasi-static rates. As with the 1018 steel results, flow stress values for narrow slot
widths are slightly lower than those for the baseline 2.4 mm width. There is a small rate
dependence of flow stress at rates below 20/s, and the expected increase in rate
dependence for strain rates of 1000/s and above. The maximum strain rate was 60,000/s.

The two largest slot widths, 2.4 mm and 1.6 mm, were evaluated for 18Ni300
Maraging steel (Figure 15), CP Titanium (Figure 16), and Ti-6Al-4V (Figure 17). The
effect of end grooves was also evaluated with the two titanium alloys. The maraging steel
shows at small rate dependence of flow stress at lower strain rates, while the effect is
much stronger for the titanium alloys. As in 1018 and A36 steel, there is an indication
that measured values of flow stress are somewhat lower for SCS specimens with the more
narrow slot width. Comparing data for titanium alloy specimens with and without end
grooves, there is no significant difference in results at the dynamic rates where the
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comparison was made. Maximum strain rates for SCS specimens with these alloys were
in the range 6500 to11,000/s.
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Figure 15: Effect of strain rate on flow stress for 18Ni300 Maraging steel. SCS
specimens with slot widths of 1.6 mm and 2.4 mm.
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Figure 16: Effect of strain rate on flow stress for CP Titanium Grade 2. SCS
specimens with slot widths of 1.6 mm and 2.4 mm, with and without end grooves.
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Figure 17: Effect of strain rate on flow stress for Ti-6Al-4V. SCS specimens
with slot widths of 1.6 mm and 2.4 mm, with and without end grooves.
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Figure 18: Effect of strain rate on flow stress for 6061-T6 aluminum. SCS
specimens with slot widths of 1.6 mm and 2.4 mm, with and without end
grooves, compared with cylindrical compression SHPB specimens.



Evaluations of slot width effects, end groove effects, and comparison to cylindrical
SHPB results are shown in Figure 18 for 6061-T6 aluminum. The alloy exhibits a small
rate dependence at lower strain rates, and again shows the SCS specimens with narrow
slots yield slightly lower flow stress values than the baseline 2.5 mm slot width. As with
the titanium alloy specimens, presence of an end groove has no apparent effect on
performance at dynamic rates. Dynamic SCS results show good agreement with
cylindrical SHPB data at strain rates near 1000/s.
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Figure 19: Effect of strain rate on flow stress for 2024-T3 aluminum. SCS
specimens with slot widths from 0.5 mm to 2.4 mm.

Both 2024-T3 (Figure 19) and 7075-T6 (Figure 20) appear to be rate-insensitive at
quasi-static strain rates. End grooves in 7075-T6 SCS specimens have little apparent
effect on dynamic performance. As in all other cases, flow stress values for narrow-

groove specimens are typically lower. Maximum strain rates for the three aluminum
alloys were from 60,000 to 70,000/s.
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Figure 20: Effect of strain rate on flow stress for 7075-T6 aluminum. SCS
specimens with slot widths from 0.5 mm to 2.4 mm, with and without end
grooves .

Shear failure did not occur in resistant alloys (6061-T6, A36 steel) except when
multiple impacts were performed. In a further effort to induce failure in a 6061-T6
specimen, a narrow slot was EDM machined into the grooved end of the gage section.
After dynamic loading at 5500/s, a shear crack was induced to extend a short distance
from the end of the EDM slot. However, the loading rate was insufficient to cause
complete failure. A metallographic cross-section (Figure 21) shows evidence of shear
localization in the gage section at and beyond the end of the shear crack, but the
localization appears too diffuse to be considered adiabatic shear.
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Sllipm
Figure 21a: Metallographic section showing non-adiabatic shear

localization in gage section beyond end of shear crack induced in 6061-T6
by an EDM slot in the gage section.

Figure 21b: Non-adiabatic shear localization in gage section at the end of
shear crack induced in 6061-T6 by an EDM slot in the gage section. Gage
section lower left, undeformed shoulder upper right.
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Shear failures were seen in 7075-T6 aluminum and Ti-6Al-4V for strain rates above
3000/s, in CP Titanium for rates above 4000/s, and in 1018 steel and Maraging steel for
rates above 5000/s. Clear metallographic evidence of adiabatic shear is seen at the failure
surface in Maraging steel. Figure 22 shows white-etching transformed bands both at and
below the surface.
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Figure 22: White-etching adiabatic shear bands at and near the fracture
surface for an 18Ni300 Maraging steel SCS specimen tested at a strain rate
of 5000 per sec. Metallographic section, nital etch.

Metallographic evidence of adiabatic shear banding is more ambiguous for 1018
steel. Figures 23 and 24 show cross sections through the gage section of a specimen that
failed at a strain rate of 8000/s (Fig. 23) and one that did not fail at a rate of 4000/s (Fig.
24). In both cases there is non-uniform shear deformation across the width of the gage
section, as well as a sharp gradient in deformation at the interface between the edge of the
gage section and the undeformed shoulders. The shear localization occurs at the
gage/shoulder interface both where failure occurred at this interface (the lower side in
Figure 23a) and where it did not (the upper side in Fig. 23a, and both sides of the gage
section in Fig. 24a). At higher magnification, shear localization at the gage/shoulder
interface is intense and narrow, but it is not of the white-etching transformation type of
adiabatic shear band.
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Figure 23a: Metallographic cross-section through gage section of 1018
steel SCS specimen that failed at 8000 per sec. Arrows show shear
directions for undeforming shoulders.
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Figure 23b: Higher magnification view of shear deformation at interface
between gage section and shoulder.
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steel SCS specimen that did not fail at 4000 per sec. Arrows show shear
directions for undeforming shoulders.
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Figure 24b: Higher magnification view of shear deformation at interface
between gage section and upper shoulder.
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For both quasi-static and dynamic SCS experiments, shear failure (when it occurred)
appeared to initiate at the ends of the gage section and propagate toward the middle.
While the initial shear failure typically initiated toward the gage section centerline, the
fracture path then shifted toward the shoulder (edge of the gage section) in most cases.
Variations in radius at the root of the gage/shoulder intersection had no apparent effect on
whether a shear failure would run along the edge of the gage section.

Shear failures of this type were seen in some specimens (for example, CP Titanium)
at quasi-static as well as dynamic loading rates. As also noted earlier for torsional Kolsky
specimens, when macroscopic shear failure occurred the rubbing between the two faces
of the failure produced near-surface localized shear deformation that became difficult to
distinguish from localized shear that might be attributable to adiabatic shear. That is, in a
post-test metallographic examination of a failed specimen it is not clear whether shear
localization that preceded adiabatic shear failure can be distinguished from surface shear
localization due to post-failure rubbing of the fracture faces. Nevertheless, in 1018 steel
and maraging steel it was possible to observe evidence indicating that adiabatic shear
localization had probably occurred.

Aside from metallographic evidence that shear localization and shear failure are due
to adiabatic shear, observation of a sudden and sharp drop in stress (“stress collapse”™ )
may also be taken as possible evidence of adiabatic shear failure. However, SCS
specimens do not generally appear to show a rapid stress collapse. In the absence of clear
evidence from either metallography or the stress vs. strain record, it is therefore difficult
to determine unambiguously whether and at what point an adiabatic shear band has
initiated.

Modeling and Simulation

A principal objective of this project was to experimentally determine susceptibility
criteria for adiabatic shear failure in alloys of interest to Sandia, which entailed
understanding the material state at the inception of adiabatic shear banding. Modeling
and simulation, along with microstructural characterization, can aid in this understanding,
but may require modeling the actual formation of adiabatic shear bands in order to model
their inception; the physical transition between inception and actual formation of
adiabatic shear still needs to be experimentally characterized. There are a number of
adiabatic shear band constitutive models in the literature that can guide a modeling effort
for adiabatic shear failure.

Modeling and simulation for this project had two objectives: 1) conduct simulations
using Pronto3D and the BCJ model (Bammann 1990; Bammann et al. 1996) to aid in the
design of an experimental specimen that demonstrates adiabatic shear failure in a variety
of metals in a repeatable manner; and 2) begin researching a physically-based nonlocal
adiabatic shear band constitutive model that captures the formation and propagation of
adiabatic shear failure in a mesh-independent manner.
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Adiabatic Temperature Evolution

To improve predictions of plasticity-induced heating at high strain rates, a modified
adiabatic temperature evolution equation was implemented in Pronto3D. This equation
more accurately represents the conversion of plastic work to heat than the classical
Taylor & Quinney (1934) assumption that 90% of plastic work is converted to heat under
adiabatic conditions. In the modified relationship, the balance of energy density rate
assuming adiabatic conditions is:

pch=0:d" —Ké, (8)

where p,c,and@ are as described previously, o is Cauchy stress, d” is plastic
deformation rate, x is isotropic hardening variable, and & is the elastic strain due to
statistically-stored dislocations. The adiabatic temperature evolution equation then
becomes:

3=—l—lazd”—--§?—] 9
pe cu

where ¢ is a constant and g is the shear modulus. Integrating the temperature evolution
equation using the radial return method and closed form expression leads to:

trial
BrH-l = 9:1 +L 0-n+1 : A}’—é_j— -——}_(KE-H _KJS) (10)
pe |§ma 281

where £ is the trial effective stress, and Ay is the increment of the magnitude of the
plastic deformation tensor.

Simulation of Torsional Kolsky and SCS Specimens

Geometric inhomogeneities were incorporated in a 6061-T6 aluminum SCS specimen
mesh and in a Ti-6A1-4V torsional Kolsky specimen mesh in order to trigger localized
deformation, and simulations were run to understand how the experimental specimen
might behave. Although experimental efforts have concentrated on the SCS specimen
geometry, the axisymmetric character of the torsional Kolsky specimen makes it
attractive for simulations.

For 6061-T6, a machined-in defect in the SCS specimen did not trigger localized
deformation in either the experiment (the EDM slot) or the simulation. Conversely, a
meshed defect on the order of machining dimensional tolerance in a Ti-6Al-4V torsional
Kolsky specimen generated localized deformation that was mesh-dependent (i.e.,
different shear band thickness and force-displacement plot for each refined mesh). The
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experimental Ti-6Al-4V torsional Kolsky also failed due to adiabatic shear, most likely
as a result of slight machining surface defects on the thin walls.

For the 6061-T6 SCS specimen, no shear banding was observed in simulations as
plastic deformation became concentrated in the fillet regions. Figure 25 shows the
deformed mesh at the end of loading. There was significant plastic deformation in the
fillet regions but not to the extent that deformation becomes localized and there was a
drop in load-carrying capacity.
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Figure 25. Simulation of 6061-T6 SCS Experiment (Pronto3D with BCJ;
334,132 elements): 1.6 mm slot width, 0.13 mm fillet radius, 0.13 mm
EDM cutout radius

Figure 26 shows contour plots of vonMises stress, equivalent plastic strain, and
temperature. The dimensions of the sample are shown in Figure 8. Half-symmetry is
used. The top face velocity was specified at 25 m/s for a total of 100 microseconds.
Existing BCJ constants were used (Taylor 1996).

For the Ti-6Al-4V torsional Kolsky specimen simulation, new BCJ constants were
determined from experimental data by (Lindholm et al. 1968). The comparison between
data and model is shown in Figure 27. Other material constants at 293K used for Ti-6Al-
4V are shown in Table 3, from Touloukian & DeWitt (1970) and Brandes & Brook
(1992).

37



VONMISES

o OUBGINSO
oo 0000000
G 9000000
0000000
MMM
+++++ 44+
[Salepleplerleslesle]

*o
Hu
0o
mm
+ +

aom

Von Mises Stress (Pa)

EQPS

a RULIN—OO
N OR—AUINO

W UINOMNUINO
Ny uUionouio

3
"

Eqiuv. Plastic Strain

TEMP
0.225E+3
0.450F+3
0.675E+3
0.500F+3
1:328E13

+

BN

X= 1.417E+3

Temperature (K)

Figure 26: Contour plots for 6061-T6 SCS specimen simulation.

1500

[
(=]
o
o

T

TRUE STRESS

4

- wm mm T

0,025

0.

05 0.075 0.1

TRUE STRAIN

3%4
5313

Rate

0.125

0.0036
0.3¢€
1100
0.004
0.4
1400
0.37
1600

Figure 27: Comparison of experimental data for Ti-6Al-4V from
Lindholm et al. 1968 (X’s) to BCJ model (lines). Stress in MPa.

38



Young’s Modulus 106 GPa
Poissons Ratio 0.33

Mass density 4422 kg/m’
Thermal expansion coefficient 8.7e-6 /K
Thermal conductivity 7.22 W/mK
Specific heat 531.0 J/kgK
Stefan Boltzman constant 5.68e-8 W/K'm"
Emissivity 0.15

Table 3. Other material constants for Ti-6Al-4V

To reduce the computational effort, a slice mesh was approximated for the full three-
dimensional thin wall tube as shown in Figures 28 and 29. The top face twist rate was
specified at 180 rad/s, and a 1.0 m/s velocity was applied to the top face of the slice to
approximate the twist rate. Cal Tech reported that a typical torsional Kolsky test lasted
about 400 microseconds. Without any geometric defect introduced into the mesh, the
results were compared between the two meshes. In Figs. 28 and 29, comparing von
Mises stress, equivalent plastic strain, and temperature shows the slice mesh
approximation is adequate. To investigate the effects of a meshed geometric defect and a
coupled elastodynamic/heat conduction analysis, the slice mesh was used.

Pronto3D and Abaqus Explicit elastodynamic simulations using the BCJ model match
exactly for the one element uniaxial compression case as shown in Fig. 30. The Abaqus
Explicit User Material Subroutine interface, however, does not yet work for the coupled
elastodynamic/heat conduction analysis using hourglass controlled hexahedral elements
(Belytschko & Bindeman 1993). As a result, an inherent temperature dependent power-
law hardening model was used instead of the BCJ model as for the previous simulations.
Material constants for the power-law hardening model were estimated from the existing
BCJ model constants, and, as a result, only a qualitative comparison of adiabatic
elastodynamic analysis to coupled elastodynamic/heat conduction analysis using Abaqus
Explicit could be conducted.
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Figure 30: Comparison of Pronto3D and Abaqus Explicit One Element
Uniaxial Compression Simulations (Ti-6Al1-4V with BCJ). They compare
almost exactly. Units are Pascals and Kelvin. Strain rate is 900/s.

Figure 31 shows the deformed meshes from Pronto3D with three mesh refinements
and meshed defect: for 1,998, 10,944, and 33,696 hexahedral elements. Figure 32 shows
the deformed 1,998 element mesh using Abaqus Explicit and a power-law hardening
model. The meshed defect is a kink on the order of 2.5% the wall thickness (10 pm deep
kink compared to 380 pum thick wall). Mesh-dependent behavior was observed, most
likely because the mesh size was not refined to the inherent length scale of the rate-and-
temperature-dependent constitutive model. Force versus displacement and shear stress
versus shear strain plots in Figure 33 demonstrate mesh-dependence as the finer meshes
localize earlier. There does not appear to be convergence to a critical localized
displacement as the mesh is refined.
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Figure 32: Abaqus Explicit slice simulation contour plots for 1,998
element elastodynamic analysis using power-law hardening model.
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Coupled Elastodynamic/Heat Conduction Analysis

A coupled elastodynamic/heat conduction analysis using Abaqus Explicit was run for
the torsional Kolsky mesh and compared to the elastodynamic adiabatic analysis. There
was little difference between the two simulations, although the uncoupled analysis
demonstrated localized deformation slightly earlier with an apparently less stable post-
localization response than the coupled analysis, which is consistent with the observed
numerical stabilization of heat conduction. Abaqus Explicit was used because currently
there is no coupled Pronto/Coyote code nor a coupled Presto/Calore code.
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Figure 34: Abaqus Explicit slice simulation contour plots for 1,998 element coupled
elastodynamic/heat conduction simulation with power-law hardening model.
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Figures 34 and 35 show the results of the coupled elastodynamic/heat conduction
analysis and the comparison of the coupled and uncoupled results. The adiabatic
elastodynamic analysis (uncoupled) demonstrated localized deformation and softening
slightly earlier than the coupled elastodynamic/heat conduction analysis, but the addition
of heat conduction along with the high loading rate did not preclude shear banding. A
mesh refinement study was not conducted for the coupled elastodynamic/heat conduction
analyses to see whether the simulations are mesh-dependent. It is advised that such a

refinement study be conducted with a coupled Presto/Calore capability in Sierra using the
BCJ model.
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Figure 35: Force vs. Displacement (and Shear stress vs. Shear strain) plots
for comparison of uncoupled and coupled Abaqus Explicit slice simulations.
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Discussion

This project was not successful in developing a test method that could be used to
generate quantitative data of the sort required to fully characterize susceptibility to
adiabatic shear failure in alloys exhibiting a wide range of susceptibility. This was not
entirely unexpected, given what was already known about the conflicting requirements of
such a test. For techniques and specimen geometries capable of generating quantitative
data of the required type, there are typically limitations to the range of conditions for
which they can be used.

On the other hand, a promising new test geometry, the Shear Compression Specimen
or SCS, has been identified and evaluated. While a capability for thoroughly
characterizing adiabatic shear failure has not yet been shown for the SCS, it has
demonstrated great promise for characterizing plastic deformation behavior over a wide
range of strain rates. Comparison of experimental SCS and cylindrical compression data
for 1018 steel (this project, Figure 13) and OFHC copper (Rittel et al. 2002b) indicates
that a principal objective for the SCS specimen is achieved: accurate measurement of
deformation property data over a wide range of strain rates with a single technique. To
some degree, the same can also be said of cylindrical specimens tested quasi-statically
and dynamically. However, note that significantly higher strain rates can be achieved
with the SCS (47,000/s for 1018 steel vs. less than 10,000 for cylindrical compression
SHPB tests), and that the SCS is better able to bridge the quasi-static-to-dynamic “gap”
between rates of 10/s and 100/s.

A major factor in achieving a wide range of strain rates with the SCS specimen is the
ability to combine loading rate and specimen slot width to reach a specific strain rate.
Tests conducted for this project have shown that while results for different slot widths are
similar at the same rate, there is a trend toward lower measured stress values for narrower
slot widths. This issue should be investigated further. An additional issue for tests
conducted to failure (including adiabatic shear tests) is the tendency for shear failures to
run along the edge rather than the center of the gage section.

To obtain more complete data related to the initiation of adiabatic shear bands, SCS
tests need to be conducted to a point at or just short of band initiation. While this can be
accomplished in theory by modifying the input pulse, a more effective method is to use
stop rings or a similar technique to provide a positive limit to specimen loading.

Designing an experimental specimen that demonstrates adiabatic shear failure in a
variety of metals in a repeatable manner will most likely require machining geometric
inhomogeneities in the specimen, such as grooves or indentations. Geometric
inhomogeneities would initiate adiabatic shear failure in the experimental specimen in a
repeatable manner with well-defined zones of uniform plastic deformation before
localization, such that each experimental specimen of the same metal would experience
similar location and orientation of shear banding. Introducing such geometric
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inhomogeneities in the finite element mesh would generate shear banding with similar
location and orientation as in the experiment. However, unless the finite element size is
refined to the implicit length scale inherent in a thermo-elasto-viscoplasticity model (in
this case, the local BCJ model), we would obtain mesh-dependent numerical solutions.

The same simulation issue is associated with implementing a physically-based
nonlocal adiabatic shear band constitutive model: the finite element mesh would need to
be refined (and possibly aligned with the shear band orientation) down to the physical
length scale of the shear band in order to detect its initiation and track its propagation
properly. This assumes that the constitutive model leads to a well-posed system of
governing partial differential equations (elastodynamic or coupled elastodynamic/heat
conduction). There are new numerical methods (Hughes et al. 1998; Garikipati &
Hughes 2000; Liu et al. 1999) capable of capturing the “fine scale” effects of the physics
(in this case the adiabatic shear band) at the “coarse scale” within the finite element or
nodal influence region. These are powerful methods because the spatial discretization
would not need to be refined to the physical length scale of the shear band (possibly on
the order of 10 um) in order to represent its effect in a convergent manner with respect to
spatial discretization.

Additional constitutive modeling and numerical implementation issues that eventually
should be addressed in order for a predictive physical model of adiabatic shear failure to
be developed are 1) potential phase transformation of the material within the shear band,
and 2) transition from shear band to fracture surface.

Conclusions and Recommendations

» Development of a single test method that is capable of evaluating adiabatic shear
susceptibility over a wide range of susceptibilities remains an elusive goal. Principal
problems include the difficulty in inducing failure in highly resistant alloys, and the
influence of defects on the behavior of highly susceptible alloys.

= The Shear Compression Specimen, a promising new technique for evaluating
deformation behavior over a wide range of strain rates, has been identified and
evaluated.

= Recommendations for further study of the Shear Compression Specimen include use
of stop rings for evaluation of adiabatic shear initiation.

= A rate-and-temperature-dependent constitutive model (BCJ model) with properly
determined material constants could aid in understanding—but not predict—the onset
of adiabatic shear banding, assuming that the finite element analysis is mesh-
independent and has realistic geometric and/or material inhomogeneities to trigger
shear banding.

* For modeling onset and post-localization behavior, we would need a shear band mode
of deformation included in a nonlocal plasticity model to represent shear band
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response and free surface creation (and possibly phase transformation) in a mesh-
independent manner.

* Fully coupled elastodynamic/heat conduction finite element analyses should be
considered for making engineering design decisions when a significant portion of
inelastic deformation is converted to heat and thus has the ability to generate
adiabatic shear banding and potential failure.
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